INTRODUCTION
Tonoplast of higher plants contains two different, novel types of proton-pumping enzymes, H + -translocating ATPase (EC 3.6.1.3) and H + -pyrophosphatase (H + -PPase, EC 3.6.1.1) for a common function [1] [2] [3] . By using different substrates, both vacuolar enzymes catalyse electrogenic proton translocation to generate a similar inside-acid, inside-positive electrochemical potential for secondary transport of ions and metabolites [2, 3] . Interestingly, the subunit structures of these enzymes are quite different. The subunit structure of vacuolar H + -translocating ATPase is generally more complicated but well characterized [1, 2] . The vacuolar H + -ATPase consists of a peripheral protein complex and a transmembrane sector. The peripheral protein complex of vacuolar H + -ATPase contains three copies of both catalytic subunit A and regulatory subunit B as well as several other minor polypeptides. The transmembrane sector is composed of at least six copies of dicyclohexylcarbodiimide (DCCD)-binding proteolipid, which is believed to be the proton channel [1, 2] . The molecular mass for vacuolar H + -ATPase was calculated in the range of 450-600 kDa. In contrast, vacuolar H + -PPase consists of only a single kind of polypeptide [3, 4] . However, the molecular mass of substrate-binding vacuolar H + -PPase was determined as 73 or 66 kDa from mung bean [4, 5] , 67 kDa from red beet [6] and 37-45 kDa from maize [7] respectively. Furthermore, several workers deduced a molecular mass of approx. 81 kDa from the cDNA sequence for tonoplast pyrophosphatase of Arabidopsis thaliana [8] , Hordeum ulgare [9] and Beta ulgaris [10] . Nevertheless, recent work resolved the controversy regarding the identity of the substrate-binding subunit and also determined the subunit as a polypetide of approx. 66 kDa [4] .
Despite all of the above-mentioned efforts, many investigators continue to dispute the nature of the subunit structure of tonoplast H + -PPase. On the one hand, previous works contended that tonoplast H + -PPase is a multimeric enzyme for PP i hydrolysis Abbreviations used : FCCP, carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone ; H + -PPase, proton pyrophosphatase. * To whom all correspondence should be addressed.
H + -PPase was 71.1p6.7 kDa, indicating that only one subunit of the purified dimeric complex would sufficiently display its enzymic reaction. Moreover, in the presence of valinomycin and KCl, the functional size of membrane-bound H + -PPase was decreased to approx. 63.4p6.3 kDa. A working model was proposed to elucidate the structure of native H + -PPase on vacuolar membrane as a functional dimer. Factors that would disturb the membrane, e.g. membrane solubilization and the addition of valinomycin and KCl, may induce an alteration in its enzyme structure, subsequently resulting in a different functional size.
as determined by cross-linkage, gel filtration, and radiation inactivation analysis [7, [11] [12] [13] [14] . However, other laboratories [11, 15] reported a monomeric functional mass of 88-91 kDa for substrate hydrolysis and proton translocation. The exact subunit structure and actual mechanism of vacuolar H + -PPase require further investigation.
This study determines the functional mass of vacuolar H + -PPase by radiation inactivation analysis. These results demonstrate that the vacuolar H + -PPase is in situ a dimer. Membrane solubilization and presence of ionophore, e.g. valinomycinjKCl, may alter its enzyme structure, thereby resulting in a different functional mass. A working model is also proposed to elucidate the subunit structure of vacuolar H + -PPase under various conditions.
MATERIALS AND METHODS

Membrane preparation
Seeds of Vigna radiata L. (mung bean), as obtained from a local market, were soaked overnight in tapwater and then germinated at room temperature in the dark. The hypocotyls of 4-day-old etiolated seedlings were excised, chilled on ice and then washed with distilled water. The sliced hypocotyls were ground with a Waring blender in a homogenization medium containing 0.25 M sorbitol, 5 mM EGTA, 1 mM PMSF, 1.5 % (w\v) polyvinylpyrolidone, 1 % (w\v) ascorbic acid and 50 mM Mops\KOH (pH 7.6). The homogenate was filtered through a four-layer cheesecloth and then subjected to differential centrifugation at 3600 g for 10 min and at 120 000 g for 20 min. The precipitate was resuspended in a solution (6i15 ml) containing 10 mM potassium phosphate (pH 7.8), 0.3 M sucrose, 1 mM EGTA and 2 mM dithiothreitol. The suspension was overlaid on a medium (6i15 ml) containing 5 mM Mops\KOH (pH 7.3), 0.25 M sorbitol, 1 mM EGTA and 2 mM dithiothreitol. After centrifugation at 120 000 g for 30 min, the interface portion (6i3 ml) was collected and diluted with a solution (6i30 ml) containing 5 mM Mops\KOH (pH 7.3), 0.25 M sorbitol, 1 mM EGTA and 2 mM dithiothreitol. The vacuolar-membrane vesicles were pelleted down at 130 000 g for 20 min ; the resulting white precipitate was resuspended in a medium (6i3 ml) containing 20 mM Tris\Mes (pH 7.5), 20 % (v\v) glycerol, 1 mM dithiothreitol, 1 mM EGTA and 2 mM MgCl # . The final protein concentration was approx. 1.5 mg\ml. The vesicle preparation was then stored at k70 mC until used.
Purification of H + -PPase
H + -PPase was purified from resealed tonoplast vesicles according to the method of Rea et al. with minor modifications [4] . The tonoplast vesicles were spun down at 120 000 g for 1 h and the pellet was redissolved in Buffer I (27 ml) containing 20 mM Tris\acetate (pH 7.5), 20 % (v\v) glycerol, 1 mM dithiothreitol, 1 mM Tris\EGTA, 2 mM MgCl # and a protein concentration of approx. 1 mg\ml. Sodium deoxycholate (2 mg\mg of protein) and KCl (50 mM) were added, respectively, and the vesicles incubated at 4 mC for 10 min. After centrifugation at 150 000 g for 30 min, the membrane pellet was resuspended in Buffer I (7 ml) and subjected to a second solubilization using 0.4 % (w\v) -α-lysophosphatidylcholine for 30 min at room temperature. Following centrifugation at 150 000 g for 50 min, the supernatant (5-10 mg of protein) was concentrated to 0.2 ml and then applied to an FPLC column of Superose 12 HR 10\30 pre-equilibrated with a running buffer [20 mM Tris\HCl (pH 7.5), 20 % (v\v) glycerol, 0.1 % (w\v) Triton X-100, 1 mM Tris\EGTA, and 2 mM MgCl # ]. The flow rate was 0.4 ml\min at room temperature. Fractions (5 ml) with H + -PPase activity were collected and then applied on to a Mono Q HR 5\5 FPLC column preequilibrated with the same buffer as mentioned above. The H + -PPase was eluted at a flow rate of 0.5 ml\min by a salt gradient of 0-0.5 M NaCl. Fractions (1 ml) with the highest H + -PPase activity were collected for further studies.
Enzyme assay and protein determination
H + -PPase activities of membrane vesicles were determined by measuring the release of P i from PP i [16] . Since 2 mol of P i are liberated from hydrolysis of 1 mol of PP i , we have expressed the activity as mol of PP i consumed. Aliquots (10 µl) of resealed vesicles were assayed in a 1.0 ml reaction medium containing 25 mM Mops\KOH (pH 7.2), 3 mM MgSO % , 50 mM KCl, 3 mM K % PP i , 16-20 µg\ml membrane protein, 0.5 mM NaN $ , 0.1 mM sodium orthovanadate, 50 mM KNO $ and 0.1 mM ammonium molybdate to inhibit possibly contaminated ATPases and alkaline phosphatases [2, 17] . When enzymic activity of the purified H + -PPase was measured, the reaction conditions were the same as above except that the inhibitors were excluded and the enzyme concentration was 2-5 µg\ml. Assay was carried out at 33 mC for 15 min and terminated by adding a colour developing solution (2.0 ml) containing 1.7 % (w\v) ammonium molybdate, 2 % (w\v) SDS and 0.02 % (w\v) ANSA (1-amino-2-naphthol-4-sulphonic acid). The released P i was determined spectrophotometrically as described elsewhere [17] .
Protein concentration was determined according to a modified Lowry method [18] using BSA as a standard.
SDS/PAGE and gel-filtration chromatography
SDS\PAGE was performed as described by Laemmli [19] . The protein pattern on the gel was visualized by silver staining. Sizeexclusion gel-filtration chromatography of vacuolar H + -PPase was performed on a HPLC Shodex WS-804 column using a Shimadzu HPLC system. Purified enzyme (10-15 µg) in 0.1 ml elution buffer was injected through the column and eluted by a buffer containing 50 mM Tris\HCl (pH 7.5), 100 mM K # SO % , 0.05 % (w\v) NaN $ and 0.1 % (w\v) Triton X-100. The elution flow rate was 0.75 ml\min at room temperature. Molecular mass of native H + -PPase was determined using standard protein markers of thyroglobulin (669 kDa), apoferritin (443 kDa), α-amylase (200 kDa), alcohol dehydrogenase (150 kDa), albumin (66 kDa) and carbonic anhydrase (29 kDa).
Measurement of proton translocation
Proton translocation was measured as fluorescence quenching of Acridine Orange (excitation wavelength 495 nm, emission wavelength 530 nm) as described previously [16] . The reaction mixture (3 ml) contained 5 mM Mops\KOH (pH 7.9), 250 mM sorbitol, 3 
Irradiation and functional size determination
Samples were irradiated with '!Co (" 1000 Ci) as previously described [17, 20, 21] . The functional size of radiation inactivation was calculated according to the equation of Beauregard and Potier [22] :
where m is the radiation inactivation size in Da and D $(,t is the dose in Mrad to bring the activity to 37 % of that of unexposed control at temperature t (mC) during irradiation. The functional size of the internal standard glucose-6-phosphate dehydrogenase (molecular mass l 104 kDa) was determined as previously described [23] .
Chemicals
All chemicals were purchased from Sigma and Merck, and were used without further purification.
RESULTS AND DISCUSSION
First, we isolated the vacuolar H + -PPase from tonoplast of mung bean seedlings and then demonstrated that it contains only a single kind of polypeptide ( Figure 1A) . The molecular mass of the polypeptide is approx. 73 kDa as estimated by SDS\PAGE. The contamination is almost negligible in our preparation. The specific activity of purified vacuolar H + -PPase was approx. 150 µmol of PP i consumed\mg of protein per h, indicating at least a 15-fold purification from the membrane [4] . The purified vacuolar H + -PPase was then subjected to size-exclusion gelfiltration chromatography and a molecular mass of approx. 140 kDa was subsequently obtained ( Figure 1B) . The presence of Triton X-100 during enzyme preparation did not affect the determination of the molecular mass in our case (results not shown). Our result thus concurs with those of previous workers using chromatography [6] and disulphide cross-linking on polyacrylamide gel [13] . We therefore speculate that the purified vacuolar H + -PPase is probably a dimeric enzyme in situ.
An interesting question is raised as to whether native vacuolar H + -PPase is also dimeric on the vacuolar membrane. Radiation
Figure 1 SDS/PAGE pattern and size-exclusion gel filtration of the purified vacuolar H + -PPase
(A) SDS/PAGE pattern : lane 1, the standard markers with molecular masses indicated on the left ; lane 2, purified vacuolar H + -PPase. (B) Size-exclusion gel-filtration chromatography of the vacuolar H + -PPase. H + -PPase (10 µg) was injected through a Shodex protein WS-804F column. The column was equilibrated ; and enzyme was eluted by a buffer containing 50 mM Tris/HCl (pH 7.5), 20 mM NaCl, 0.05 % (w/v) NaN 3 and 0.08 % (w/v) Triton X-100 with flow rate of 0.6 ml/min at room temperature. Carbonic anhydrase (29 kDa), albumin (66 kDa), alcohol dehydrogenase (150 kDa), α-amylase (200 kDa), apoferritin (443 kDa) and thyroglobulin (669 kDa) were used as molecular size standards. *, the peak maximum (140 kDa) of the H + -PPase.
inactivation is an effective technique for estimating the functional size of membrane-bound proteins and elucidating the structure and function of enzymes in situ [23] [24] [25] . Hence, this study performed radiation inactivation analysis to determine the molecular mass and to accurately predict the subunit structure of vacuolar H + -PPase both in membrane-bound and in the purified forms. To begin with, we verified whether this technique is feasible in our system by examining an internal standard, glucose-6-phosphate dehydrogenase [23, 24] . Glucose-6-phosphate dehydrogenase (molecular mass, 104 kDa) was included in our sample solution and its radiation inactivation size measured accordingly. A D $( value of 7.26p0.58 Mrad and calculated functional size of 109.2p8.7 kDa were subsequently obtained (Figure 2, #) . This result clearly indicates that radiation inactivation analysis is effective under our conditions. Upon exposure to high-energy irradiation, H + -PPase enzymic activity of vacuolar vesicles displayed a simple exponential decay with respect to the increase of dosage (Figure 2, ) . The
Figure 2 Radiation inactivation of membrane-bound and purified H + -PPases
The irradiation with 60 Co at k20 to "k25 mC and the assay of PP i hydrolysis were as described in the Materials and methods section. Each point was the mean from five independent experiments. From the linear regression, D 37 values were 7.61p0.59 Mrad for glucose-6-phosphate dehydrogenase (#), 5.62p0.4 Mrad for tonoplast () and 10.9p1.0 Mrad for purified H + -PPases ($) respectively.
dose-response relationship yielded a D $(
value of 5.6p0.4 Mrad. By target-size analysis, a functional size of 141.5p10.8 kDa was calculated accordingly [22] . This value is similar to that obtained by the size-exclusion gel-filtration chromatography above ( Figure  1B ). The fact that vacuolar H + -PPase contains only one kind of polypeptide with a molecular mass of 73 kDa obviously revealed that tonoplast H + -PPase is a functional dimer in situ.
Furthermore, the functional size of purified vacuolar H + -PPase was also analysed here to observe whether they are the same in purified and membrane-bound states (Figure 2, ) . Upon exposure, purified vacuolar H + -PPase exhibited a similar response to gamma ray irradiation to that of vacuolar vesicles (Figure 2, $) . However, a larger D $( value of 10.9p1.0 Mrad was unexpectedly obtained, thereby yielding a smaller functional size of 72.1p11 kDa for the purified vacuolar H + -PPase. Molecular mass of the purified vacuolar H + -PPase is only one-half of that determined by size-exclusion gel-filtration chromatography and is in the dimension of its monomer ( Figure 1B ). From the above comparison, radiation inactivation analysis reveals different functional masses, thereby suggesting the possibility of distinct enzyme structures for purified and membrane-bound H + -PPases. This phenomenon is not unusual since many purified homo-multimeric enzymes have also displayed a monomeric functional size [24] [25] [26] . The functional size of these enzyme complexes indicates that monomeric subunit suffices to support their enzymic reactions even though they are structurally multimeric. We thus believe that solubilizing dimeric vacuolar H + -PPase from a membrane might induce a conformational change, subsequently allowing either only one of its subunits to express its enzymic activity or both subunits to function independently. The currently available technique could not distinguish between these two possibilities. Nevertheless, both cases yield an apparent monomeric functional size.
Figure 3 Radiation inactivation of PPase-mediated proton translocation
The irradiation with 60 Co at k20 to "k25 mC and the assay of proton pumping were as described in the Materials and methods section. After the irradiation, proton transport was assayed as the fluorescence quenching in a medium containing 50 mM Tris/HCl (pH 7.0), 250 mM sorbitol, 50 mM KCl, 3 mM MgSO 4 , 5 µM Acridine Orange and 20 µg of tonoplast. Samples of 3 mM PP i were added to initiate the proton translocation. The excitation wavelength was 495 nm, while the emission wavelength was 530 nm. Gramicidin (2.5 µg/ml) was added to terminate the reaction. (A) Reaction trace of fluorescence quenching by Acridine Orange. (B) Dose-response of H + -translocation rate. Initial rates of fluorescence quenching were determined from the change of the relative fluorescence during the first min. By linear regression, the D 37 value was 4.96p0.6 Mrad and molecular size was 158p15 kDa. Each point was the mean from three independent experiments.
Pyrophosphate hydrolysis of tonoplast H + -PPase is coupled to proton pumping for secondary transport of metabolites into vacuoles [3] . Exactly how proton translocation is structurally associated with the enzymic reaction is of particular interest. We then determined the radiation inactivation size of H + -PPasesupported proton translocation of vacuolar vesicles using fluorescence quenching of Acridine Orange as the pH probe (Figure 3) . The dose-dependent decay of fluorescence quenching upon irradiation was also in a simple exponential form, indicating a good association of proton translocation to the enzymic reaction ( Figure 3B ). The D $( value and functional size of H + -PPasesupported proton translocation were thus calculated as 4.9p0.6 Mrad and 158.4p19.5 kDa respectively. This functional size is quite similar to that of the enzymic activity of membranebound H + -PPase (141.5p10.8 kDa). Consequently, we believe that two copies of substrate-binding polypeptide of vacuolar H + -
Figure 4 Effects of uncouplers and ionophore on functional size of H + -PPase
After irradiation, 50 µM uncouplers (gramicidin and FCCP) or 2 µM valinomycin (j50 mM KCl) were added in a reaction medium as described in the Materials and methods section. 
Table 1 Functional size of H + -PPase as determined in the presence of uncouplers and ionophores
Tonoplast vesicles were irradiated and the enzymic activity of H + -PPase was measured in the presence of various uncouplers and ionophores as described in the Materials and methods section. The concentrations of uncouplers and ionophores were : 50 µM gramicidin, 2 µM valinomycinj50 mM KCl, and 50 µM FCCP. In the presence of uncouplers, gramicidin and FCCP, the specific activity of PP i hydrolysis was increased by 25- PPase are associated in a dimeric form to exert the enzymic and proton-pumping reactions of the vesicles. Uncouplers and ionophores are the membrane perturbation factors which disrupt the pH gradient and the electrochemical potential across the membrane [27] . We therefore examined the possible effects of uncouplers and ionophores so as to determine the functional size of H + -PPase on the vacuolar membrane. Vacuolar vesicles were subjected to irradiation and then enzymic activities were measured in the presence of the uncouplers and ionophores. Figure 4 shows that the enzymic activity of vacuolar H + -PPase also decayed as a simple exponential function of dose in the presence of ionophores and uncouplers. of various uncouplers and ionophores. No significant difference in the functional size of PP i hydrolysis was found when uncouplers such as gramicidin and FCCP were present while measuring the enzymic activity. However, as ionophore (valinomycin and KCl) was added in the reaction medium, the functional size of membrane-bound H + -PPase was decreased to one-half of that in its absence. A similar perturbation by ionophores was also found when determining the functional size of other protonpumping enzymes, e.g. vacuolar, thylakoid and mitochondrial H + -ATPases (results not shown). We thus believe that the structure and function of H + -PPase are sensitive to its membrane environment, thereby resulting in the different functional sizes, as in this case when ionophore (valinomycin and KCl) is present.
Based on these considerations, a working model is proposed for the phenomenon observed above ( Figure 5 ). Vacuolar H + -PPase on the membrane is a homodimer (I) with a molecular mass of 73 kDa for its single subunit. The enzymic activity is well associated with proton pumping, thereby resulting in a functional size of 140 kDa for both reactions. Vesicle membrane provides an appropriate environment for vacuolar H + -PPase to maintain its native structure and, consequently, to exert the enzymic activity and proton translocation. Upon depletion of the membrane (Pathway A), the subunit structure of the vacuolar H + - PPase remains as a dimer, but is concomitant with a conformational change of the individual subunit (II). The functional size of the vacuolar H + -PPase in a purified form (71.1p6.7 kDa) is thus one-half of that on the membrane ; it is also similar to the molecular mass of the individual polypeptide. Furthermore, the native structure of vacuolar H + -PPase is extremely sensitive to the electrochemical potential but not to the pH gradient across the membrane. As the membrane potential is dissipated by the ionophore, e.g. valinomycin and KCl (Pathway B), the architecture of vacuolar H + -PPase complex is changed. Consequently, each subunit independently possesses the hydrolysis activity, thereby resulting in a monomeric functional size (III).
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